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Abstract 
Corrosion fatigue small crack growth rates have been determined for a 12Cr steam turbine steel in a simulated condensate solution under 
conditions representing repetitive turbine start-up and shut-down. Cracks were grown from a single corrosion pit generated electrochemically 
using the droplet technique and the crack length monitored optically and by direct current potential drop (DCPD).  A comparison is made with 
growth rates for short and long cracks determined using fracture mechanics specimens. The enhanced crack growth rate observed for a short 
crack (relative to that for a long crack) but not realised for the small crack is rationalized on the basis of an electrochemical crack size effect. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Norwegian University of Science and Technology (NTNU), Department of Structural 
Engineering. 
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1. Introduction 
Life prediction and intelligent plant maintenance scheduling in applications where the environment impacts on structural 
integrity are commonly based on long crack growth data. For long cracks, standards are in place for measuring crack growth rates 
and there is a degree of confidence in their laboratory and engineering application, the latter coupled with advanced non-
destructive evaluation techniques. However, in the case of small cracks, there are no standards that guide the measurement 
process; simply recognition that the growth behaviour can be different, that the rate will be sensitive to near-surface material 
properties, and that the time spent in the small crack regime may have an impact on life assessment codes and inspection 
intervals. 
In a previous publication, Turnbull et al. (2013), an evaluation was made of the viability of different techniques for measuring 
small crack size, and thence growth rate, for stress corrosion and corrosion fatigue cracks emanating from a corrosion pit in a 
12Cr steam turbine blade steel. Several techniques were investigated including an advanced optical method for surface crack 
length measurement, surface crack opening displacement determination using digital image correlation, Duff and Marrow (2012), 
and pulsed DCPD. Of these approaches, direct optical measurement in combination with DCPD was considered the most 
pragmatically useful, with the inherent constraint on optical measurement associated with corrosion product build up.  
Here we describe an extension of the preliminary investigation to generation of more extensive data for corrosion fatigue small 
crack growth rates.  
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2. Experimental method 
The material tested was a FV566 stainless steel (SS), often used for steam turbine blades, with composition in mass %: C 0.11; 
Si: 0.23; Mn: 0.71; Cr: 11.69; Mo: 1.73; Ni: 2.71; V: 0.30; P:0.009; S:0.003, bal: Fe.  The steel had been annealed at 1050 qC 
for 105 min then air-cooled, tempered at 650 qC for 240 min and air-cooled. The inclusion density was determined to be 290 cm-2 
with average inclusion size of 3.4 Pm and the microstructure was martensitic with a prior-austenite grain size of 27r2 Pm. The 
0.2% proof strength at the test temperature (90 qC) was 841 MPa and the UTS 937 MPa.  
Flat dog-bone tensile specimens were manufactured from the FV566 blade steel with a gauge length of 20 mm and thickness 
and width both 4 mm. The surface was wet ground with P4000 silica grit paper giving an average surface roughness, Ra, of 
0.1 μm. After machining and grinding, the specimens were stress relieved at 585 °C for 2 hours under vacuum.  
The droplet technique, Turnbull et al. (2012), was used to develop a single corrosion pit of the desired depth (usually 50 Pm 
for tests in air and 50 Pm or 150 Pm for tests in solution) in a specific location so that DCPD probes and the optical microscope 
could be positioned optimally (see Figure 1). The use of pit precursors to make the testing simpler is not unreasonable from an 
engineering perspective. Pitting requires a combination of aeration (an off-load condition) and a concentration of chloride ions in 
excess of the threshold for pitting, typically about 500 ppm for this steel. The latter can arise if there is transient loss of control of 
water chemistry or an anion concentrating mechanism, through evaporation for example. On-load, the condensate solution will be 
oxygen free, certainly within about 40 hours or so after start-up.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Set-up for automated optical imaging of crack growing from pit. The monitor shows the DCPD probes located above and below the pit. 
 
In previous corrosion fatigue testing of this steel for short (through-thickness crack in fracture mechanics specimen) and long 
crack growth measurement, Turnbull and Zhou (2012), a trapezoidal waveform was adopted with rise and fall times each of 
20 min and a 100 min hold, simulating two-shifting in a steam turbine plant, albeit accelerated with respected to the hold time. 
However, since there was no effect on growth rate of the 100 min hold time, Turnbull and Zhou (2011), all current tests were 
conducted with no hold time, enabling 36 cycles per day (4×10-4 Hz) compared to 9 cycles per day previously. The stress ratio 
was 0.05 and the maximum stress about 90% of σ0.2. Despite the high stress, finite element analysis showed that plastic 
deformation around the pit did not extend beyond a few microns and indeed plastic deformation was not discernible by electron 
back-scattered diffraction. The environment was aerated 300 ppb Cl- + 300 ppb SO42- solution at 90 qC, typical of a steam turbine 
condensate under normal operating conditions but with aeration ([O2] about 1.8 ppm at 90 qC) to reflect the transient retention of 
oxygen during start-up. The environment was circulated through a corrosion cell with a quartz glass window from a reservoir that 
was refreshed regularly to ensure constancy of water chemistry. The corrosion potential in each cell was measured with respect to 
a saturated calomel reference electrode (SCE). This electrode was held in a small reservoir containing the test solution at ambient 
temperature and connected to the test cell via a tube also containing the test solution. A valve isolated the reservoir except when 
measurement was undertaken, which was conducted on a daily basis, extending to weekly for longer term tests.  
In initial testing the specimen was cyclically loaded at 4×10-4 Hz and observation of the surface made to detect crack 
development from the corrosion pit. This proved particularly ineffective as no significant crack extension was detected after 
considerable test duration due to the low loading frequency and perhaps a threshold number of cycles for the pit-to-crack 
transition. Accordingly, a loading frequency of 1 Hz was adopted to generate a precrack, with surface length typically above 
100 μm before decreasing the frequency to the test value.  Tests in laboratory air at 90 qC were conducted at 1 Hz with R=0.1 and 
a maximum stress less than 75% of σ0.2. In this case, because of the higher frequency, precracking was not an issue. 
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3. Results and discussion 
None of the methods for monitoring crack length gives direct insight with respect to the evolution of crack shape. Hence, it 
was assumed that the crack could be approximated to a semi-circular geometry. Crack-front marking suggested this was a 
reasonable assumption when the crack was continuous and the depth exceeded the pit depth though inevitably there would be 
discrepancy when the cracks on either side of the pit had not merged and the depth was shallower than the pit depth. This 
discrepancy manifested itself in small differences in estimated depth from optical and DCPD methods when the crack length was 
small and indeed that difference could be used to indicate when the crack front was not continuous. Otherwise, there was good 
agreement between estimates of depth from both techniques. However, the crack growth rate data determined by the optical 
method tended to be more oscillatory. The surface crack measurement is essentially a single point measurement reflecting the 
position of the crack front at one location only. Hence, the crack growth will show a high sensitivity to local microstructure with 
periods of rapid growth followed by some retardation as the crack encounters a microstructural “barrier”. This is commonly 
reported for small crack growth in air, McDowell (1996). The microstructure of the FV566 steel is martensitic and accordingly 
the oscillations in growth rate have an associated small spatial periodicity. In contrast, the DCPD measurement reflects the 
position of the crack averaged over the crack front, which “samples” a much wider range of microstructure at any one time. 
Correspondingly there is some smoothing of the crack growth rate data, though oscillatory behaviour is still apparent as can be 
seen in comparing data obtained for small cracks in air with those for short and long cracks in Figure 2.   
There is little to distinguish between the different datasets in terms of the average growth rates except at low 'K. Although 
not shown on this figure testing, ongoing suggest a threshold 'K for the long crack of about 6 MPa m1/2, which should be 
compared with a value of less than 4 MPa m1/2 for the small crack. Assigning a stress intensity factor, K, to a small crack is 
always a questionable issue. For these tests the stress was in a regime where there was no significant macroplasticity and there 
was very limited spatial extent of plasticity associated with the pit. Hence, it is not necessary to invoke a J integral approach. 
Nevertheless, the limit of application of linear elastic fracture mechanics (LEFM) to small cracks is somewhat of a grey area, as 
suggested by Newman (1992), and dependent on the relative size of the crack to the microstructure. The concurrence of growth 
rates in air between small and short cracks and with long cracks above the threshold 'K for the latter does suggest that the 
adoption of K for small cracks in this relatively high strength steel is a reasonable approximation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Crack growth rates for FV566 SS in air at 90 qC for small (where ap and af represent the pit depth and final crack depth respectively), short and long 
cracks.  
 
Testing in the aqueous environment presented more technical problems in terms of long term measurement insofar as 
corrosion product began to obscure the crack, preventing surface crack length measurement. There will be corrosion at the 
straining crack tip and to an extent on the crack walls, with the ferrous ions emerging from the crack being oxidised and the oxide 
then accumulating around the crack mouth. In that context, greater reliance was placed upon the DCPD results, though where the 
optical data were reliable there was good correspondence between the average growth rates determined from both methods. The 
test environment of 300 ppb Cl- + 300 ppb SO42- solution at 90 qC is too benign to cause extension of the pit precursor by 
corrosion (confirmed by post-test evaluation) so that pit extension would not impact on the measured DC potential drop.  
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Fig. 3. Cyclic crack growth rates for FV566 SS in 300 ppb Cl- + 300 ppb SO42- solution at 90 qC and loading frequency 4×10-4 Hz, where ai is the estimated 
initial precrack depth.  
 
The small crack growth rate in solution is compared with results for short and long cracks in Figure 3.  It should be 
emphasized that it is not possible to obtain crack growth rate data for small cracks over a wide range of 'K by allowing the crack 
length to develop with time because the time-dependent growth rate at this very low frequency is just too low. The conventional 
approach for long crack growth rate data when the time-dependent growth rate is very low is to step the load regularly and 
measure the average growth rate for a period at each 'K value. This is not possible for small cracks because the stress is already 
close to yield and any increase would induce macroplasticity. In this case, for some tests at very low 'K the crack was extended 
by higher frequency fatigue (1 Hz), the frequency then decreased to the test value and the crack growth rate measured. The closed 
and open square data points in Fig. 3 are an example where the crack growth was measured initially at low 'K (full points) and 
the crack then extended by higher frequency fatigue to achieve the higher K value corresponding to the open points.  
There is a lot of information in Figure 3 so it is appropriate to analyse each set of data in turn.   The long crack growth data 
show a threshold 'K value of about 13 MPa m1/2, most likely reflective of oxide-induced closure. The crack growth rate is about 
an order of magnitude greater than that in air, and, as reported previously by Turnbull and Zhou (2011), has the same value in 
deaerated solution. In that context, it was deduced that the potential at the tip of a long crack is independent of the bulk potential 
for this very low conductivity solution; i.e. there is a large potential drop in the solution and no polarization of the crack tip by the 
external surface. In deaerated solution the bulk potential is observed to be about -0.6 V SCE and in aerated solution about     
-0.05 V SCE. The solution at the crack tip is oxygen-free so in the absence of electrochemical coupling to the external surface the 
crack tip will then adopt a potential of -0.6 V SCE or more negative. In practice, generation of film-free steel from crack-tip 
straining during fatigue loading will cause a transient decrease in potential at the crack-tip due to the higher local dissolution rate 
so the potential will tend to be more negative than -0.6 V SCE. Mechanistically, the implication is that hydrogen generated at the 
crack tip is responsible for the enhanced crack growth rate relative to that in air.   
In the case of short cracks, the expectation was that the crack growth rate would show a decrease with decreasing 'K but with 
a lower threshold 'K with respect to the long crack. However, the crack growth rate tended to increase at low 'K (corresponding 
to a crack length of less than or about 250 Pm). This transition to elevated growth rate is considered to be related to an 
electrochemical crack size effect in low conductivity solution with the crack tip more readily polarised towards the more noble 
potential of the external surface the shorter the crack length, Turnbull (2012) and Gangloff (1981).  Modelling undertaken 
previously, Turnbull (2000), for a parallel system shows that the principle has solid foundations. Anodic polarisation to a more 
noble potential in the short crack might infer a shift to a dissolution-based mechanism of cracking rather than one related to 
hydrogen. However, it is envisaged that crack tip acidity generated by dissolution of chromium ions in the crack will have the net 
effect of increasing the hydrogen generation rate despite the more noble potential, Turnbull and Zhou (2011).  
The same principle of greater crack-tip polarization for the short crack might be expected to apply to small cracks.  Here we 
observed very low but measureable crack growth rates at low 'K, below about 10 MPa m1/2, in a region not accessed for the short 
crack growth measurements.  There is an apparent steep change in growth rate at or just above the 'K value but the growth rate 
does not attain the high values observed for the short crack. The implication is that there is a greater potential drop in solution 
associated with the small crack and limited crack-tip polarization, perhaps reflecting a contribution of the passive current from 
the pit wall to the total ionic current. On the basis of the potential drop controlling the growth rate it might have been inferred that 
the growth rate of the small crack at the crack mouth should be greater than that at the deepest point. The fracture surface did not 
show such an effect, with the cracks being semi-circular. However, the proposition is not as self-evident as it might appear. In 
very low conductivity solution the largest component of the potential drop is in the solution outside the crack, not down the crack, 
because the conductivity of the crack solution is increased markedly by the metal salts generated in response to the metal 
dissolution process. Also, the solution chemistry at the crack tip and near the crack mouth will be somewhat different. 
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Conceptually, it would be expected that the depth at which the transition to crack-tip polarization and enhanced crack growth 
rate occurs should be shifted to deeper/longer cracks by increasing the conductivity of the solution. Parallel stress corrosion 
studies support this principle and work is on-going to validate that hypothesis for small fatigue cracks.  
4. Conclusions 
x The crack growth rate for a 12Cr steam turbine blade steel in simulated condensate solution at very low loading frequency is 
increased by an order of magnitude relative to air, which is attributed to hydrogen assisted fatigue.  
x The enhanced short crack growth rate, relative to that for long cracks, in this very low conductivity solution at low 'K is 
attributed to greater crack-tip polarisation for the short crack; an electrochemical crack size effect. 
x The growth rate of small cracks emanating from corrosion pits in the test solution exhibits two regions: a low growth rate 
region below a 'K value of about 10 MPa m1/2 and a high growth region close to and above this value. However, the growth 
rate in the latter region is similar to that for long cracks and does not show the enhanced growth rate observed for short 
cracks, suggesting a greater ionic current associated with the combination of the small crack and the corrosion pit limiting 
crack-tip polarisation.  
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